We developed an adaptive polarimetric target detector (APTD) to determine the optimum combination strategy for a multichannel polarization-sensitive optical system. The proposed algorithm is based on scene-derived polarization properties of the target and background, and it seeks to find an optimum multichannel combination of linear polarizing filters that maximizes the signal-to-clutter ratio (SCR) in intensity and Stokes parameter images. The algorithm is validated by performing RX anomaly detection and a generalized likelihood ratio test on both synthetic and real imagery. The experimental results are analyzed through calculated SCR and receiver operating characteristic curves. Compared with several conventional operation methods, we find that better target detection performance is achieved with the APTD algorithm.
Introduction
The polarization state of light provides valuable information about scenes that cannot be obtained directly from intensity or spectral images. Polarized light reflected from scenes has been found to be useful in several applications, such as material classification [1, 2] , computer vision [3, 4] , and target detection [5] [6] [7] [8] [9] . A polarization-sensitive optical system can be used to measure the polarization state of the light, and Stokes parameter images are often constructed to reveal the polarization properties of the scene [6, 10] . Detection of small and low-contrast objects has been found to be improved with the help of this kind of optical system [6] .
The measurement of a Stokes vector is however corrupted with noise and systematic errors. A number of studies have reported on designing an optimum polarimeter for Stokes vector measurement by minimizing various condition numbers of the system measurement matrices [11] [12] [13] [14] [15] [16] . Recently, several methods have been proposed for optimizing the polarization state of illumination in active Stokes images by maximizing the contrast function in the presence of additive Gaussian noise [17] or maximizing the Euclidean distance between the target and background Stokes parameters [18] . In the case of a single-target/single-background scenario, the maximal contrast can be achieved in a scalar image obtained with the optimal illumination and analysis state [19] .
The purpose of this paper is to design an adaptive target detection algorithm based on scene-derived polarization properties of the target and background in passive polarimetric images. It intends to provide an optimum combination strategy for a multichannel polarization-sensitive optical system from the perspective of the best target detection performance. Both measured sensor noise characteristics and scene variation are incorporated into a novel Stokes vector statistical model to support the algorithm. In Section 2, the concept of the adaptive target detection algorithm is described. Then the proposed algorithm is validated by employing synthetic imagery in Section 3. In Section 4, the algorithm is further tested by performing target detection on real outdoor images. We conclude our work in Section 5.
Concept of the Adaptive Polarimetric Target Detector (APTD)

A. Stokes Vector Statistical Model
The Stokes vector S ¼ ½S 0 ; S 1 ; S 2 ; S 3 T (T denotes transpose) is widely used in polarization data analysis. In most passive imaging scenarios, which are more relevant to the work presented here, little circular polarization is expected, so the Stokes parameter S 3 is often omitted [10] . Assuming an ideal linear polarizer is placed in front of a polarizationinsensitive device, such as a charge-coupled device (CCD), the observed intensity can be expressed as [10, 20] 
where m i ¼ 0:5½1; cos 2θ i ; sin 2θ i T , θ i is the linear polarizer rotation angle with respect to the horizontal direction and S in is the unknown incident Stokes vector passing through the linear polarizer. With the linear polarizer rotated at N different angles, an N-channel polarization-sensitive system (PSS) can be constructed as 
where M is the N × 3 system matrix. The unknown incident Stokes vector can then be estimated bŷ
where I ¼ ½I 1 Á Á Á I N T is the vector of the N-channel intensity, and W is the inverse matrix of M. If M is a nonsquare matrix, its pseudoinverse ðM T MÞ −1 M T should be applied.
The scene variation due to nonuniformity of the target or background reflectance and illumination can cause variability in the measured pixel values and can be represented by a covariance matrix of the incident Stokes vector as Σ v S . In addition to scene variation, the pixels on the CCD image sensor are also corrupted with various noise sources, such as shot noise, read noise, and quantization noise. The total sensor noise of the pixel value measured in the ith channel can be quantified as [21] 
where g e is the sensor gain, I i is the intensity mean of the ith channel, ffiffiffiffiffiffiffiffi g e I i p is the noise due to shot noise that is dependent on the number of collected electrons, and σ c is the noise that is independent of the collected electrons and can be found as the root sum square of the read noise and quantization noise. Both g e and σ c can be estimated using a line fitting technique that produces the maximum likelihood estimates for these two parameters [21] . The variation of the measured pixel values with combined scene variability and sensor noise effects can then be expressed as
where Σ n I is a diagonal matrix with σ 2 ni as its ith element. The covariance matrix of the estimated incident Stokes vector can thus be found as
The covariance matrix Σ v S can be estimated based on the calculated intensity covarianceΣ I and calibrated sensor noiseΣ
This Stokes vector statistical model only requires the incident Stokes vector and the estimated scene variation covariance matrix as inputs, and it is capable of predicting the Stokes vector mean and covariance for a multichannel PSS with any combination of polarizer rotation angles using Eqs. (3) and (6) . Meanwhile, the intensity mean and covariance can also be predicted as an intermediate result using Eqs. (2) and (5) . The Stokes vector statistical model could be extended if any linear transform or feature selection is performed on the intensity or Stokes vector.
B. Optimal Multichannel Combination
For target detection in multichannel radar signals or spectral images, the target-to-clutter ratio or signalto-clutter ratio (SCR) can be used to estimate the detectability of a target [22, 23] . The SCR can also be thought of as contrast as used by other researchers in polarimetric image enhancement [17, 19] . If we perform a statistics-based target detection on either the intensity vector I, the Stokes vector S in , or any other transformed feature vector, the detectability of the target can also be estimated by the SCR in a general expression as
where the subscript V represents the vector space where the target detection is performed, μ t is the target mean vector, and μ b and Σ V are the background mean vector and covariance matrix. According to the Stokes vector statistical model, the SCR is actually a function of the polarizer rotation angles. As shown in Eqs. (5) and (6), the intensity and Stokes vector covariances are accumulated from the scene variation and sensor noise in each of the N channels, and both are dependent on the number of collected photons. When sensing polarized light, the number of photons collected is expected to be different with different polarizer orientations. From Eq. (8), it is expected that the SCR is also sensitive to the setting of polarizer orientations. For a multichannel PSS, it is possible to find an optimal combination of the polarizer orientations based on the selection criterion f as
with which the best target-to-background contrast can be achieved. An example for a three-channel system is shown in Fig. 1 . In this example, one of the three polarizers is set at an orientation of 0°, and another two (θ 1 and θ 2 ) are changed from 0°to 180°with a 5°step. The SCR value is found for each combination of θ 1 and θ 2 in a two-dimensional space composed of the S 1 and S 2 Stokes parameters. Two different polarization states of the incident light from the target and background are considered: one is with a normalized target Stokes vector of S t ¼ ½1; 0; 0:3 T and a background Stokes vector of S b ¼ ½1; 0; 0:2 T ; another one is with S t ¼ ½1; 0:3; − 0:1 T and S b ¼ ½1; 0:1; 0 T . To simplify the simulation, only shot noise is considered, and the sensor gain g e is assumed to be 1 in Eq. (4). To include a realistic scene covariance in this example, we selected reasonable entries for the covariance matrix, which are scaled proportionally to the mean Stokes vector entries. The covariance matrix of the S 1 and S 2 Stokes parameters is calculated using the statistical model introduced in Subsection 2.A. In Fig. 1 , it can be seen that a peak value can be found at one certain combination of θ 1 and θ 2 orientations. As stated by the SCR representation in Eq. (8), the most important duty of the detector is to have the data sampled in the direction of the target-background difference with as high of a signal-to-noise ratio (SNR) as possible. In Fig. 1(a) , the target-background difference is only in the S 2 direction, while in Fig. 1(b) , the differences are in both the S 1 and S 2 directions. This explains why the shapes of the SCR distribution are different and the peak values are present at different loci when the incident light has distinct polarization states. By changing all the three polarizers from 0°to 180°, it is expected to find an optimal combination that maximizes SCR, and with this setting better detection performance is expected to be achieved. The observations in Fig. 1 suggest that the optimal multichannel setting is scene dependent, and this optimal multichannel setting should be searched adaptively according to the polarization states of the target and background. Similar results can also be found if the intensity images are considered in the target detection task.
C. APTD Algorithm
A flow chart of the APTD algorithm is shown in Fig. 2 . At the beginning of the algorithm, an initial multichannel setting is selected. For a three-or fourchannel system, some conventional settings could be used, such as Pickering's method of ð0°; 45°; 90°Þ, Fessenkov's method of ð0°; 60°; 120°Þ, or the modified Pickering (M-Pickering)'s method of ð0°; 45°; 90°; 135°Þ [20] . Intensity images are then acquired with this initial setting, and Stokes parameter images are generated using Eq. (3). Estimates of the mean Stokes vector S and the scene variation covariance matrix Σ v S of the target and background are made on these initial intensity and Stokes parameter images and are then fed into the Stokes vector statistical model. With the Stokes vector statistical model and a user-supplied sensor noise calibration, the covariance matrix Σ V associated with the interested vector space can be estimated at any combination of the polarizer orientations. Because of the lower SCR, this first extraction of the target and background may be very noisy. To increase the probability of detection (PD) at a constant false alarm rate, an optimal multichannel combination with enhanced SCR is then found by applying the technique introduced in Subsection 2.B. Intensity images are acquired again with this optimal multichannel setting, and target detection can be applied to the SCR improved vector images. Only intensity and Stokes vectors are currently considered in the target detection task, although this technique can be extended to other vector spaces. Several methods could be employed to estimate the target and background mean Stokes vectors. If the background considered is homogeneous and it is the background that dominates the whole image's mean and variance, the background mean Stokes vector may be obtained by simply calculating the Stokes parameter images' mean. The initial estimation of the target mean Stokes vector could be scene derived using image interpretation, end-member selection [23] , RX anomaly detection [24] , or topological anomaly detection [8] . Alternatively, it could also be obtained from the user's reference library or produced by a physics-based model [20, 25] .
A feedback loop is optional based on the accuracy of the estimated target and background mean Stokes vectors, because there might be some uncertainties on the estimation due to false alarms. The mean Stokes vectors are able to be refined by acquiring the intensity images again with the optimal multichannel setting. The above procedures are repeated until a user-defined stop criterion is met. The stop criterion can be either reaching a steady state of the optimal multichannel setting or a predefined iteration number.
Validation of the APTD Algorithm with Synthetic Images
Prior to applying the proposed APTD algorithm to real images, synthetic images of a division of time polarimeter (DoTP) were used to validate the algorithm. The simulation used a model of a 12 bit Prosilica GC780 camera with a UV-IR cut filter and a rotatable linear polarizer. This unit will be introduced in detail in the following section. The camera was calibrated with an integrating sphere using the sensor noise model introduced in Eq. (4). The calibration results of the sensor noise are shown in Fig. 3 , by which shot noise, read noise, and quantization noise can be estimated according to the mean intensity. To ensure a more realistic simulation, the mean Stokes vectors of the target and background used in the simulation were scene derived from empirical data collected by the DoTP mentioned above. The target mean was a normalized Stokes vector of ½1; 0:087; − 0:21 T , which was measured from a piece of black panel. The background mean was a normalized Stokes vector of ½1; 0:022; − 0:074 T , which was measured from arbitrarily selected asphalt. These mean Stokes vectors were used as inputs to Eq. (2), with which the mean intensity with any polarizer orientation could be estimated. The scene variation covariance matrix was estimated based on Eq. (7) and the calibrated sensor noise characteristics. The intensity covariance matrix was then calculated using Eq. (5). The intensity images were synthesized by generating Gaussian random numbers based on the calculated mean and covariance. The Stokes parameter images were finally reconstructed from these intensity images. A group of simulated Stokes parameter images with a size of 64 × 64 pixels of a three-channel DoTP system using Fessenkov's method is shown in Fig. 4 . The target with a size of 32 × 32 pixels was placed in the center of the background.
Optimum orientations of the polarizing filters were found by running the APTD algorithm on the intensity and Stokes images, respectively, with a searching step of 10°. For target detection on the intensity images, the optimum combination for a twochannel PSS was found to be ð60°; 150°Þ. When target detection was performed on more than two channels, the APTD algorithm tended to force the additional channels to be oriented to these two orthogonal states, and additional channels appeared to be redundant. When target detection was performed on the S 1 and S 2 vector space, the optimum combination for a three-channel PSS was found to be ð60°; 150°; 160°Þ. It showed a similar result with the one obtained from the intensity images except that one more channel should be taken to reconstruct the Stokes vector.
Target detection algorithms that have been developed for spectral imagery have potential applications for polarimetric imagery by replacing the spectral vector with the polarimetric intensity or Stokes vector. Two algorithms that have been widely used for spectral image analysis were modified and used to evaluate the performance of the APTD algorithm. When the target's polarization characteristic is unknown, the RX anomaly detection algorithm [24] can be used to search for pixels that are anomalous from the background. The RX detector is expressed as
where z ¼ x − m, x is the sample vector composed of intensity or Stokes parameters, m and Σ are the background mean and covariance matrix, η is a user-specified threshold to control the false alarm rate, H 1 is the hypothesis that the target is present, and H 0 is the hypothesis that the target is absent. The RX anomaly detection algorithm can be recognized as the estimation of the squared Mahalanobis distance of the test pixel from the mean of the background. When the target's polarization characteristic is known, a likelihood ratio approach can be used, and the generalized likelihood ratio test (GLRT) can be written in the form [23, 26] D GLRT ðzÞ ¼ ðs
where s ¼ t m, t is the target mean and K is the number of pixels used in the calculation of Σ.
The performance of the APTD algorithm as described below was analyzed by the receiver operating characteristic (ROC) curves of pixel-level detection. The PD and the probability of false alarm (PFA) estimates on the ROC curve were made using all target and background pixels. The APTD algorithm was also compared with three conventional multichannel combination strategies, which were the Pickering, Fessenkov, and M-Pickering methods, as mentioned in Subsection 2.C. All the operational methods were with the same integration time at each of the channels. The results for the target detection performed on the intensity images are shown in Fig. 5 . As was shown in [15] , the improvement by making extra measurements can also be achieved by longer integration on each of the optimum settings. For comparison purposes, the optimum two-channel was also integrated with a longer exposure time, which is equivalent to a three-channel measurement, and it is represented as APTD-3 in Fig. 5 . The results of the optimum two-channel with normal integration time are labeled APTD-2. The APTD-3 shows significant improvement for both RX and GLRT target detection. Although with a much lower overall integration time, the APTD-2 could still outperform the other two conventional three-channel systems and shows comparable performance to the M-Pickering's method. The M-Pickering's method showed better performance than the other two conventional operation methods, because the overall integration time is higher for the four-channel system. It is also noticed that GLRT outperforms RX anomaly detection. The results for the target detection performed on the S 1 and S 2 Stokes parameter images are shown in Fig. 6 . GLRT. APTD-3 represents the optimum two-channel system using an overall integration time equivalent to a three-channel measurement. APTD-2 represents the optimum two-channel system with a normal integration time.
In this case, significant improvements in detection performance have also been observed while using the APTD algorithm.
Target Detection with APTD Algorithm in Outdoor Imagery
In addition to the experiment with synthetic images, the performance of the APTD algorithm was also evaluated with real imagery. A DoTP composed of a 12 bit Prosilica GC780 camera containing a 782 × 582 Sony CCD, an Edmund Optics 35 mm focal length lens, a UV-IR cut filter, and a rotatable linear polarizer, which was controlled by a precision rotary mount, was used to collect outdoor imagery. Prior to the experiment, the CCD camera was calibrated in the same way as mentioned in the last section. The DoTP was placed on a tripod, which allowed for different viewing geometries, and the DoTP was connected to a laptop where the APTD algorithm was implemented. The outdoor images were collected from a rooftop on 22 July 2010.
The scene was composed of a piece of shiny black painted panel used as a target and a piece of asphalt used as the background, whose polarization characteristics were different than the synthetic ones used in the previous section. The contrast-enhanced panchromatic image of the target and background is shown in Fig. 7 , where the pixels within the dashed outlines were used as labeled samples for model development and validation. Target detections performed in the S 1 and S 2 Stokes parameter images were considered in this experiment. The initial multichannel polarization filters were set as ð0°; 60°; 120°Þ in the APTD algorithm, from which the mean Stokes vectors of the target and background were estimated and fed into the Stokes vector statistical model together with the camera calibration results as in Fig. 3 . The optimum combination for a threechannel PSS was then searched and used as a new setting for image collection. For comparison purposes, several conventional multichannel setting strategies were also used for image collection at the same time. All the intensity images were acquired with the same integration time. Only one iteration was required for the algorithm to converge in this case. Two different sun-object-sensor geometries were chosen to test the performance of the APTD algorithm: one was with a solar zenith angle θ i of 60°, sensor viewing zenith angle θ r of 30°, and relative azimuth angle Δϕ between the sun and the sensor of 180°, and the other was with θ i of 73°, θ r of 40°, and Δϕ of 90°.
The optimum multichannel filter angle setting was found to be ð0°; 90°; 170°Þ with a searching step of 10°a t both geometries. The calculated SCRs with the APTD algorithm and the three conventional methods are listed in Table 1 . It can be seen that the contrast between the target and background is improved by using the APTD algorithm, and the other three methods also have different detection performance. It is also noticed that target detection at Δϕ ¼ 180°m ay have better performance than that at Δϕ ¼ 90°.
The algorithm was further analyzed by performing RX and GLRT target detections on the S 1 and S 2 Stokes images. The performance of the APTD and the other three conventional methods were compared through ROC curves of pixel-level detection shown in Fig. 8 . The PD and PFA estimates on the ROC curves were made using all the target and background pixels labeled in Fig. 7 . It can be seen that the ROC curve analysis is in accordance with the SCRs shown in Table 1 Table 1 . Using the APTD algorithm, the target detection performance with both RX and GLRT detectors was improved significantly, and it is possible for a three-channel system to have detection performance comparable with a four-channel system.
Conclusions
We have presented an adaptive target detection technique that is based on scene-derived polarization properties of the target and background. This technique seeks to find an optimum multichannel polarization filter combination strategy that maximizes the SCR in the sense of polarization and thus improve the performance of the statistical target detectors. The APTD algorithm was tested by applying RX and GLRT target detectors on both synthetic and real imagery, and it shows better performance compared with three conventional methods. In this paper, an APTD algorithm is proposed for improving target detection performance based on polarimetric images. However, it is possible to extend this technique to other applications. For example, it could be applied to pattern recognition and image segmentation, because the SCR is also the so-called Fisher's discriminant ratio in pattern recognition applications [27] , and polarimetric images are also found to be helpful for material classification [1, 2] and target segmentation [6] . The APTD algorithm could also be extended to the problem of optimizing both active illumination and the analysis state. More complexity will be introduced because the optimization should be considered in a higher dimensional space. In such a case, an exhaustive search strategy may be computational intensive. Some optimization techniques could be employed, and the optimum illumination and analysis state can be obtained mathematically. A motor control system or liquid crystal filter can be further utilized to improve the angular accuracy of the polarizer. This work was supported by the Air Force Office of Scientific Research (AFOSR) under agreement FA9550-08-1-0028 (AFOSR-BAA-2007-08). Dr. Michael G. Gartley and Dr. Brent Bartlett graciously supplied experimental camera hardware and provided constructive suggestions on camera calibration. Weihua Sun assisted with real image collection. The comments of the anonymous reviewers were very much appreciated and improved the manuscript.
